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Abstract
The application of nitrogen (N) fertilizer to increase crop yields has a significant influence on soil methane (CH4) and nitrous 
oxide (N2O) emission/uptake.  A meta-analysis was carried out on the effect of N application on (i) CH4 emissions in rice pad-
dies, (ii) CH4 uptake in upland fields and (iii) N2O emissions.  The responses of CH4 emissions to N application in rice paddies 
were highly variable and overall no effects were found.  CH4 emissions were stimulated at low N application rates (<100 kg N 
ha–1) but inhibited at high N rates (>200 kg N ha–1) as compared to no N fertilizer (control).  The response of CH4 uptake to N 
application in upland fields was 15% lower than control, with a mean CH4 uptake factor of –0.001 kg CH4-C kg
–1 N.  The mean 
N2O emission factors were 1.00 and 0.94% for maize (Zea mays) and wheat (Triticum aestivum), respectively, but significantly 
lower for the rice (Oryza sativa) (0.51%).  Compared with controls, N addition overall increased global warming potential of 
CH4 and N2O emissions by 78%.  Our result revealed that response of CH4 emission to N input might depend on the CH4 
concentration in rice paddy.  The critical factors that affected CH4 uptake and N2O emission were N fertilizer application rate 
and the controls of CH4 uptake and N2O emission.  The influences of application times, cropping systems and measurement 
frequency should all be considered when assessing CH4 and N2O emissions/uptake induced by N fertilizer.  
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estimated to account for most of the global anthropogenic 
emissions of CH4 (52%) and N2O (84%) (USEPA 2006; Smith 
et al. 2008).  Common agricultural practices such as irriga-
tion (Bouwman and Boumans 2002), tillage (Venterea et al. 
2011) or inputs of organic materials and N (Hao et al. 2001; 
Nayak et al. 2007) can substantially influence CH4 and N2O 
emissions from cropland soils.  Of these factors, N fertilizer 
application is the most important practice associated with 
direct or indirect N2O emissions (Nayak et al. 2007; Allen et al. 
2010; Venterea et al. 2011).  The CH4 exchange between 
croplands and the atmosphere is also influenced by N fertilizer 
application (Cai et al. 1997).  N fertilizer applications have var-
ying effects on CH4 emissions.  In some cases CH4 emissions 
are stimulated (Liu and Greaver 2009; Shang et al. 2011). 
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1. Introduction 
Agricultural land management activity is an important source 
of greenhouse gases (GHGs).  In 2000, such activities were 
© 2016, CAAS. Published by Elsevier Ltd. This is an open 
access art ic le under the CC BY-NC-ND l icense (http:/ /
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In other cases they are inhibited (Venterea et al. 2005) and 
in certain situations there are no significant effects (Mosier 
et al. 2006).  A recent meta-analysis conducted on rice 
paddy fields concluded that smaller amounts of N fertilizer 
application stimulated CH4 emission, while larger amounts 
inhibited it (Banger et al. 2012; Linquist et al. 2012).  The 
opposite result was reported by Aronson and Helliker (2010) 
for crops in non-wetland soils.  N fertilizer can be nitrified or 
denitrified in soil and released as N2O.  Many field measure-
ments of N2O emissions induced by N fertilizer have been 
performed and the influencing factors (e.g., crop type and 
fertilizer rate/timing) have been analyzed (Venterea et al. 
2005; Phillips et al. 2009; Linquist et al. 2012).  However, 
how these CH4 and N2O emissions measurements occurred 
in China were not clear.  
China requires at least 120 million ha of cropland to 
produce cereal grain to support its more than 1.3 billion 
people.  Croplands contributed 18% of the national CH4 
emissions and 53% of the national N2O emissions in 2005 
(SSIBCCC 2013).  The application of N fertilizer is an im-
portant practice and acts as the basic stimulator of high 
crop yields in China (Guo et al. 2010).  Currently, the N 
fertilizer addition in China is 30.8 million tonnes in 2013, 
and N fertilizer inputs have surpassed 200 kg N ha–1 in 
many farming areas (NBSPRC 2014).  Nevertheless, the 
N use efficiency in China (30%) is lower than the world’s 
average level (40–50%) (Huang and Tang 2010).  There-
fore, it is necessary to analyze the mitigation potential of 
N fertilizer-induced GHGs emission/uptake.
For this study, we conducted a meta-analysis based on 
paired measurements of CH4 and N2O emission/uptake in 
fields treated with N fertilizer and in control fields.  The study 
aimed to (1) determine (i) CH4 emissions in rice cropping 
systems, (ii) CH4 uptake in upland crops and (iii) N2O emis-
sions in response to inputs of N fertilizer; (2) investigate how 
certain other factors (e.g., application amounts and times, 
cropping system) influenced the effect of N fertilizer on CH4 
and N2O emission/uptake.   
2. Results
2.1. Response of CH4 emission to N addition in 
Chinese rice paddy fields
Across all 64 comparisons of rice paddy fields, N inputs in 
the range of 52.5–300 kg N ha–1 per season did not change 
CH4 emissions compared with controls (Table 1 and Fig. 1). 
However, the effects of N inputs on CH4 emission varied 
significantly with different N application rates/times, cropping 
systems and frequency of measurements (Table 2).  With the 
increasing rates of N fertilizer applied, CH4 emission went 
from stimulatory (50–100 kg N ha–1 increment of 34%) to 
inhibitory (200–250 kg N ha–1 decrement of 14%) (Fig. 1). 
Splitting application with 1–2 times inhibited CH4 emissions 
by 10%, but 3–4 applications stimulated CH4 emissions by 
12%.  The N fertilizer applications stimulated CH4 emission 
by a significant 21% in the rice-rice cropping systems, but 
suppressed it in single rice or wheat-rice systems.  CH4 
emissions for the gas sample measurements of twice per 
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Fig. 1  The response of methane emission to N fertilizer 
application in Chinese rice paddies.  Small squares and bar 
represent the mean and range at 95% confidence intervals of 
percent response to N fertilizer application as compared to no 
fertilizer.  The values in parentheses represent independent 
sample size and percent response to N fertilizer application. 
The same as in Figs. 2, 3 and 5.
Table 1  The data of CH4 (kg CH4-C ha–1) and N2O (kg N2O-N ha–1) emission/uptake value in N fertilizer application and no fertilizer 
(control) treatments
Item
N fertilizer rate
(kg N ha–1)
Emission/ 
Uptake factor n
N fertilizer application Control
Mean±SD Min. Max. Mean±SD Min. Max.
CH4 emission 52.5–300 –0.007 64 143±99 23 470 145±95 14 369
CH4 uptake 62–300 –0.0011 43 0.75±0.30 0.13 1.32 0.95±0.64 0.19 3.80
N2O emission 52.5–300 0.0079 162 2.13±2.06 0.21 7.74 0.65±0.72 0.10 2.84
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week were significantly higher than those for measurements 
of once per week.
2.2. Response of CH4 uptake to N addition in Chinese 
upland fields
When N fertilizer in the range of 62–300 kg N ha–1 per season 
was added in upland fields, the CH4 uptake decreased by a 
significant average of 15% and mean CH4 uptake decreased 
by 0.0011 kg CH4-C
 kg–1 N (Table 1 and Fig. 2).  Increasing 
quantities of N inputs suppressed the CH4 uptake with the 
highest suppression (–24%) for applications of 250–300 kg 
N ha–1.  Compared to the control fields, applying N fertilizer 
1–2 times led to a significant 20% decline in CH4 uptake, 
but there was no significant inhibitory effect when fertilizer 
was applied 3–4 times (Fig. 2).
2.3. Response of N2O emission to N addition in China
N inputs in the range of 52.5–300 kg N ha–1 per season 
caused a significant increment (average 145%) in N2O 
emissions across all studies (Fig. 3).  N2O emissions be-
came progressively greater as the quantities of N fertilizer 
increased.  In the paddy fields, applying N fertilizer 3–4 times 
during the season induced N2O emissions 199% higher than 
those of controls, which was significantly higher than emis-
sions induced by 1–2 applications of N (120% more than 
controls) (Table 2).  The levels of N2O emissions following 
N applications also varied with the cropping system.  The 
lowest emissions were for rice-rice; the other systems, in 
order of increasing N2O emissions, were single rice, wheat-
rice, wheat-maize, and single wheat and single maize 
(Fig. 3).  N inputs also induced greater N2O emissions in 
regions with a warm temperate climate (211%) than those 
with a subtropical (129%) or temperate climate (69%). 
Similar to the results from CH4 emissions, N2O emissions 
for the gas sample measurements of twice per week are 
also significantly higher than those for the measurements 
of once per week.
The mean emission/uptake factor (EF) of N2O across 
the data was 0.79% (Table 1).  The EFs in maize and 
wheat fields were 1.00 and 0.94%, respectively, which 
were significantly higher than those for rice paddy fields 
(0.51%) (Fig. 4-A).  The EFs of rice cropping systems 
were in the order of wheat-rice>single rice>rice-rice 
(Fig. 4-B).  
Table 2  Effects of N fertilizer application on between-group heterogeneity for CH4 and N2O emission/uptake and global warming 
potential (GWP)
Item n Application rate
Application times
Cropping system Measurement frequency
Upland field Paddy field
CH4 emission 64 5.6
* 5.3* 7.3* 5.3*
CH4 uptake 36 1.3 1.2
N2O emission 161 80.8
** 2.3 7.1* 11.2* 14.3**
GWP 75 22.5** 4.7* 142.6** 8.0*
* and **, significant level at P<0.05 and P<0.01, respectively.
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Fig. 2  The response of CH4 uptake to N fertilizer application 
in Chinese upland field.
2.4. Responses of global warming potential (GWP) 
to N addition in China
Relative to controls, N addition significantly increased GWP 
of CH4 and N2O emission by 78% (Fig. 5) at the average 
fertilizer rate of 181 kg N ha–1.  The response of GWP to N 
addition was 3-10 folds greater for fertilization of 250–300 kg 
N ha–1 (266%) than for 50–250 kg N ha–1 (26 to 80%).  N 
addition in wheat-maize cropping induced a 175% incre-
ment of GWP, while in wheat-rice and rice-rice the GWP 
increments were only 20–24% relative to controls.  For N 
addition compared to controls, the GWP was significantly 
higher for measurements twice per week than that once 
per week.  There was significant between-group heteroge-
neity of GWP among application rate, application times in 
rice paddies, cropping types and measurement frequency 
(Table 2).  
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2.5. Relationship of CH4 and N2O EFs to the corre-
sponding control emission/uptake in unfertilized fields
The linear regressions showed that the CH4 EFs were sig-
nificantly and negatively related to control CH4 emission/
uptake (Fig. 6-A and B).  For both rice paddy and upland 
fields, N2O EFs were significantly and positively related to 
the control field emissions of N2O (Fig. 6-C).  The determi-
nation coefficient (Fig. 6-C) indicated that the level of control 
emissions explained 33% of the variability in EF differences 
in CH4 emission, 72% of the variability in CH4 uptake, 78% of 
the N2O emission variability from rice paddy fields and 54% 
of the N2O emission variability from upland fields.
3. Discussion
3.1. Response of CH4 uptake to N addition
As ammonium (NH4
+) and CH4 have similar structures and 
sizes, most methanotrophs can co-oxidize NH4
+.  If the ratio 
of NH4
+ to CH4 is sufficiently high, methanotrophs prefer 
to oxidize NH4
+ instead of CH4 (Yang et al. 2011), thereby 
decreasing their CH4 uptake.  Moreover, as methanotrophs 
use CH4 as a sole source of carbon (C) and energy, when 
the substrate switches from CH4 to NH4
+, the CH4 oxidation 
declines further (Hu 2004).  In practice, the mechanism of 
the substrate switch from CH4 to NH4
+ by methanotrophs 
does not seem to apply in rice soils due to their higher CH4 
concentrations (Banger et al. 2012; Linquist et al. 2012). 
However, this mechanism is more apparent in upland soils, 
as the CH4 level is rather low in the presence of oxygen. 
Hence, N application suppresses CH4 uptake in upland 
fields (Steudler et al. 1989; Aronson and Helliker 2010; 
Sainju et al. 2012).  Moreover, this inhibitory effect is more 
obvious in crop systems that receive high inputs of N.  This 
effect is probably due to the greater and longer-lasting 
substitution of NH4
+ for CH4 in upland soils (Steudler et al. 
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Fig. 3  The impacts of N fertilizer application on N2O emission 
in China.
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1989).  In aerobic agricultural fields, our results concerning 
CH4 uptake factors (–0.0011 kg CH4-C kg
–1 N) were 10 times 
lower than the results (–0.012 kg CH4-C kg
–1 N) reported 
by Liu and Greaver (2009) .  The number of observations 
in our study and those of Liu and Greaver (2009) were 43 
and 15, respectively.  Therefore, more data are needed to 
estimate the CH4 uptake factors in the future.
3.2. Response of CH4 emission to N addition 
In rice paddy fields, the amount of CH4 released was largely 
determined by factors affecting its production, and transport 
from soil to atmosphere.  In this study, the critical contributing 
factors that impact CH4 emission might be summarized in 
two capacities of N fertilizer input: changing the CH4 con-
centration in rice paddy, and increasing plant body transport. 
Low levels of N inputs enhance crop biomass, providing a 
C substrate and larger plants, which enables CH4 production 
and transport (Schimel 2000; Zheng et al. 2007).  Methano-
trophs use CH4 as their sole source of C and energy, and 
increased inputs of N result in greater biomass for CH4 gen-
eration (Le Mer and Roger 2001; Nayak et al. 2007) which 
simultaneously stimulates the activity of methanotrophs. 
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However, at high levels of N inputs, methanotroph activ-
ity and population size are substantially enhanced, which 
causes more CH4 to oxidize before emission.  Banger et al. 
(2012) and Linquist et al. (2012) reported a similar trend for 
CH4 emission in response to N applications.  
Additionally, the difference of CH4 emission in cropping 
systems could also be attributable to the higher soil organic 
carbon (SOC) in the wheat-rice systems.  Studies have 
demonstrated that wheat-rice systems experience over 200 
days of dry soil per year in wheat season, once irrigation 
commences in the rice season, the increasing decomposi-
tion rate of SOC would increase CH4 concentration in the soil 
(Huang et al. 2012), thus produced greater C for activating 
methanotrophs.  
In rice paddy fields, the soil water management used in 
conjunction with most of the collected data was application 
of mid-season drainage.  N fertilizer inputs of 1–2 times 
commonly occurred during the period of rice seedling and 
tillering, when the rice paddy was continuously flooded 
and anaerobic conditions prevailed.  Due to the high CH4 
concentration in the anaerobic soils, the application of N 
stimulated the activity of methanotrophs to consume more 
CH4, which subsequently decreased the CH4 emission rela-
tive to control fields (Cai et al. 2007).  The third and fourth N 
fertilizer applications generally occurred during the panicle 
initiation and graining stages.  This significantly stimulated 
rice growth, which subsequently increased the substrate to 
produce more CH4 and increase plant body transport while 
inhibiting CH4 oxidation (Cai et al. 2007).  As a result, CH4 
emissions significantly increased with 3–4 compared to 1–2 
application times of N fertilizer.
A negative correlation between CH4 EFs and control 
emission (Fig. 6-A) indicated that a greater potential for CH4 
production in the soil corresponded to a greater suppression 
of CH4 emission after N application.  Previous reports by 
Cai and Mosier (2000) and Cai et al. (2007) showed that 
the effect of N fertilizer on CH4 production or oxidation is 
dependent on the CH4 concentration in rice paddy.  
3.3. Response of N2O emission to N inputs  
As N fertilizer provides a rich N source for the nitrification 
and denitrification processes (Cai et al. 1997; Allen et al. 
2010), N input increases the production and emissions of 
N2O (Zhu et al. 2005; Guo et al. 2010).  Our findings on EFs 
for N2O in the maize (1.00%) and wheat fields (0.94%) were 
almost the same as the IPCC’s EFs (1.00%) in upland soils 
(IPCC 2006), and were also similar to those reported by 
Bouwman and Boumans (2002) (0.90%) and Stehfest and 
Bouwman (2006) (0.91%).  Due to overuse of N fertilizer in 
Chinese croplands, the EFs of N2O in rice paddies (0.51%) 
were higher than IPCC’s EFs of 0.31% in rice paddies (IPCC 
2006), but lower than the results of Bouwman and Boumans 
(2002) (0.70%) and Stehfest and Bouwman (2006) (0.79%). 
The lower EFs in rice paddies were also confirmed in the 
summary of Bouwman and Boumans (2002), as the anaer-
obic conditions were not suitable for N2O emissions, the 
greatest N2O production generally occurred in a water-filled 
pore space of 60–80% (Davidson 1991).  
When N fertilizer was applied 1–2 times in paddy fields, 
the applications were associated with the continuously 
flooded period, which was not suitable for N2O production. 
The third and fourth N applications were applied later in 
the season, when the rice paddy fields were subject to 
mid-season drainage – these later applications therefore 
favored N2O production.  Other studies have also suggested 
that delays in fertilizer applications tend to enhance N2O 
emission, due to the changes in soil moisture (Hao et al. 
2001) during the late growing season.  It is noteworthy that 
the averaged quantities of N fertilizer used per rice season 
were not greatly different when the inputs were applied 1–2 
(156 kg N ha–1) or 3–4 times (187 kg N ha–1).  
In this meta-analysis, the order of N2O emission levels 
among different cropping systems was consistent with the 
increasing amounts of N fertilizer applied in these systems 
(Fig. 3 and Fig. 4-B).  This suggested that the effects of N 
application on N2O emissions were primarily related to the 
N application rate followed by the N2O EFs.  Lower N2O 
emission from the rice-rice cropping (0.33%) might be re-
lated to the water regimes in rice soils.  Although previous 
reports have determined that the loss of N under flooded 
conditions during the rice season usually favors ammonia 
volatilization and denitrification (Zhao et al. 2011), a large 
portion of the N2O  generated is further changed into gas-
eous nitrogen (Aulakh et al. 2001).  The wheat-rice system 
had the highest EF (1.12%), because the flooding of rice 
paddy fields provided a soil water regime favorable to greater 
N2O emissions in the following non-rice season (Zou et al. 
2005; Liu et al. 2010).  In particular, periodic alternation of 
soil wetting and drying incurs larger N2O emissions (Cai 
et al. 1997), regardless of N fertilizer application levels 
(Xing et al. 2002).  
Temperature is a key factor in nitrification-denitrification 
microbial activity, and is therefore considered to have a 
pronounced effect on N2O emissions.  In general, there is a 
positive correlation between temperature and N2O emission 
(Aguilera et al. 2013).  Our results showed that the lowest 
N2O emission induced by application of N was in the tem-
perate zone due to the low annual temperature.  Despite 
the higher temperature and precipitation in the subtropical 
region, the increase in N2O emission after N fertilizer appli-
cation was limited, as the main cropping system was rice 
cropping system.  Compared with the temperate zone, the 
warm temperate zone in China is associated with lower 
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precipitation (approximately 500 mm annually) and higher 
temperatures.  Irrigation, rainfall and higher N fertilizer 
inputs are all drivers stimulating N2O emission in the warm 
temperate zone (Garland et al. 2011).
The control emission of N2O has, on average, contributed 
43% of these emissions in the N-fertilized cropland of East, 
Southeast and South Asia (Yan et al. 2003) and 63.5% of 
the emissions in Mediterranean-climate cropping systems 
(Aguilera et al. 2013),  the results were  similar to those of the 
present study (54–78%).  The results indicated that control 
emissions were the largest source of N2O emissions, and 
also one of the most sensitive factors in determining total 
emissions (Yan et al. 2003).  The results (Fig. 6-C) indicate 
that N2O emissions in fertilized croplands would be higher 
if conditions in control areas were more favorable to N2O 
emissions.
 To our knowledge, agricultural management affects the 
magnitude of the effect of N addition on GHG emissions, in 
fact, it is also critical to consider the measurement frequency 
of gas samples.  Our results confirmed the findings of Bou-
wman and Boumans (2002), so measurement frequency 
should be noted when measuring GHG emissions.  
3.4. Estimates of mitigation potential under two sce-
narios of nitrogen use efficiency (NUE)  
A large amount of N fertilizer is applied in China annually 
to achieve high production, while the NUE in China is lower 
(approximately 30%) than world average values (40–50%) 
(Huang and Tang 2010).  If NUE of Chinese cropland im-
proved to 40% (scenario I) and 50% (scenario II), those 
two scenarios were considered in the present study for 
estimating the GHG mitigation.  The savings of N fertilizer 
application in the two scenarios were calculated and subse-
quently the CH4 and N2O mitigation potentials under various 
NUE scenarios were estimated based on the meta-analysis 
results of the present research (Table 3).  It was suggested 
that the total global warming potential (GWP) of CH4 and 
N2O mitigations could reach to 11.03 and 17.76 Tg CO2 
eqv yr–1, respectively.  Besides CH4 and N2O mitigation, 
the enhancement of NUE and reduction of N application 
could also cut down the GHG emission resulting from the 
production of N fertilizer (Lu et al. 2010; Zhang et al. 2013), 
save the farmers’ economic cost paid for system fertilizer (Lu 
et al. 2010), and therefore serve as a cost-effective GHGs 
mitigation approach (Wang et al. 2014).
4. Conclusion
In our study, the application of N fertilizer induced a 15% 
lower CH4 uptake than no N fertilizer (control) applied in up-
land soils, and GWP of CH4 and N2O emissions increased by 
78% relative to controls.  Our result revealed that response 
of CH4 emission to N input might depend on the CH4 concen-
tration in rice paddy.  The critical factors that affected CH4 
uptake and N2O emission were N fertilizer application rate 
and the control uptake and emissions.  If the NUE reached 
40–50%, the mitigation potential in Chinese cropland would 
be 11.03–17.76 Tg CO2 eqv y
–1.
CH4 and N2O emission/uptake responses to N inputs in 
China varied with application rates and times, and reducing 
the amount of N fertilizer would effectively decrease the 
GWP of CH4 and N2O emissions.  Additionally, in rice paddy 
fields, GWP from cereal yield production can be decreased 
by reducing application times.
5. Materials and methods
5.1. Data collection
A literature survey was performed by searching the ISI-Web 
of Science and Google Scholar (Google Inc., Mountain 
View, CA, USA) for peer-reviewed papers published before 
December 2014.  Treatments containing controlled-release 
and organic fertilizer were excluded.  Only three crop types 
(rice, maize and wheat) were included, whcih are the most 
common crops in China, accounting for 71% of the arable 
land.  Moreover, due to the timeliness of meta-analysis 
(Osenberg et al. 1999), we tried to collect the most recent 
ten years of data (2004–2014).  We gathered 275 paired 
measurements of CH4 and N2O emission/uptake that com-
pared Chinese croplands treated with N fertilizer and no 
Table 3  Estimated CH4 and N2O mitigation potential under various scenarios
Nitrogen use 
efficiency (%)
Scenario
Amount of 
N fertilizer 
application
(Tg N yr–1)
CH4 uptake
(Gg CH4 yr
–1)
CH4 emission
(Gg CH4 yr
–1)
N2O emission
(Gg N2O yr
–1)
Total GWP
(Tg CO2 eqv yr
–1)
30 Current situation (SC) 16.13 34.91 3 717.96 278.1 174.96
40 Scenario I 12.24 41.48 4 062.58 212.77 163.93
Scenario I compared with SC 3.89 6.57 –344.61 65.36 11.03
50 Scenario II 9.89 42.27 4 072.17 189.44 157.20
Scenario II compared with SC 6.24 7.36 –354.21 88.68 17.76
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fertilizer croplands (control) (Appendix).  CH4 emissions 
were reported in 64 of these paired measurements, CH4 
uptake was reported in 43 and N2O emissions were report-
ed in 168.  Each of these measurements covered an entire 
growing season (from sowing to harvesting of maize and 
wheat and from transplanting to harvesting of rice).  The 
GWP of CH4 and N2O emissions was calculated only for the 
studies where they were simultaneously measured at the 
same site.  There were 84 paired measurements that met 
our inclusion criteria.  All experimental fields in the collected 
papers were typical agricultural cropping systems on a large 
scale, so these data could adequately represent the current 
levels of GHG emissions.  The distribution of experimental 
fields is shown in Fig. 7.
As meta-analysis requires every measurement to be 
statistically independent (Gurevitch and Hedges 1999), the 
cases of multiple measurements conducted in single-field 
experiments using the same quantities of N fertilizer per 
unit of land were averaged.  Different rates of N fertilizer 
application within a single study were assumed to be in-
dependent cases (Curtis and Wang 1998; Ainsworth et al. 
2002).  Furthermore, we restricted our analyses to the latest 
sampling dates to ensure the timeliness of meta-analysis.
The mean, standard deviation and replication of season-
al CH4 and N2O emission/uptake measurements from the 
croplands under N fertilizer treatment and the control fields 
were taken from tables and texts in the collected papers or 
extracted from figures using digitizing software (GRAFULA 3 
ver. 2.10, Wesik SoftHaus, St Petersburg, Russia).  The 
ancillary information on cropping type, longitude and latitude, 
Fig. 7  The distribution of experimental field and crop types in this study. 
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climate zones, measurement methods and the quantities or 
times of N fertilizer application were also collected.
5.2. Meta-analysis 
A meta-analysis was conducted to determine the response 
of CH4 and N2O emissions/uptake to N fertilizer applied.  We 
chose the common effect size that is widely used in ecology 
studies, the response ratio lnR, to estimate the size of N 
fertilizer effects as shown in equation (1): 
   XC
XN
ln(R)=ln
  
(1)
Where, XN and XC  are the mean CH4 or N2O emission 
values for the N fertilizer and control treatments, respective-
ly.  The meta-analysis results were shown by percentage 
changes, calculated as (R–1)×100% (Curtis and Wang 1998; 
Huang et al. 2012).  Positive percentage change indicated 
a stimulatory effect of N fertilizer application; negative 
percentage change indicated an inhibitory effect; and 0% 
change showed no effect.
Most of the studies considered in this analysis did not 
provide a measure of variance for CH4 and N2O emission/
uptake.  Thus, an unweighted means method was adopted, 
using the meta-analytical software package (METAWIN 
2.1.3.4, Sinauer Associates, Inc., Sunderland, MA, USA) 
(Rosenberg et al. 2000).  The variance of effect sizes was 
calculated using resampling techniques after 4 999 iterations 
and the confidence limits around the effect size were cal-
culated using a bootstrap method (Rosenberg et al. 2000). 
The cumulative effect sizes were considered to be significant 
if the 95% of confidence intervals did not overlap 0 (Curtis 
and Wang 1998).  
To explain variations in the response of CH4 and N2O 
emission/uptake to N inputs, the paired measurements were 
further categorized according to N fertilizer application rates 
(50–100, 100–150, 150–200, 200–250 and 250–300 kg 
N ha–1, the category of CH4 emission of 250–300 kg N ha
–1 
was deleted because only two paired measurements of 
CH4 emission were within 250–300 kg N ha
–1); applica-
tion times (1–2 and 3–4 times); cropping systems (sin-
gle- or two-season cropping of wheat-maize, wheat-rice 
or rice-rice); climate zones [temperate (with an annual 
temperature of 2–8°C), warm temperate (with an annual 
temperature of 9–15°C) and subtropical climates (with an 
annual temperature >15°C); and measurement frequency 
(gas samples were measured ‘once per week’ or ‘twice 
per week’).  Random-effects models allowed comparisons 
to be made among groups through a framework similar 
to analysis of variance (ANOVA).  Thus, we adopted a 
random-effects categorical summary analysis to compare 
the variances of the different categorical groups.  The 
variances within the categorical groups were shown by 
between-group heterogeneity.  We accepted the tests as 
statistically significant if P<0.05.  
5.3. CH4 and N2O emission/uptake factor (EF) analysis
We estimated the CH4 and N2O EF due to inputs of N fer-
tilizer using equation (2):
EF=(GN–GC)/NFERT (2)
Where, GN and GC were the seasonal CH4 or N2O emis-
sion/uptake under the N fertilizer and control treatments, 
respectively (kg CH4-C ha
–1 or kg N2O-N ha
–1), and NFERT 
was the seasonal N application rate (kg N ha–1).
The data on N2O EF were subjected to ANOVA.  Statisti-
cal significance was P<0.05 and the means of EF in various 
crop types and cropping systems were separated using the 
least-significant differences (LSD) procedures with SPSS 
software (ver. 10; SPSS Inc., Chicago, IL, USATM).  SPSS 
was also used to regress the linear relationships between 
the CH4 and N2O EFs and the corresponding emissions in 
the control fields.
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